Objectives: In this study, we analysed field isolates of Salmonella enterica serovar Typhimurium for the presence of conjugative plasmids transferring resistances to antibiotics.
Introduction
In Gram-negative bacteria, new resistance genes are most frequently acquired by the conjugational transfer of plasmids coding for antibiotic resistance (R-plasmids). The archetype of many current R-plasmids is the NR1 plasmid that contains three transposons, Tn9 with the catA1 gene, Tn21 with the aadA1 and sul1 genes, and Tn10 with the tet(B) gene. Plasmid NR1 with Tn21 and a class 1 integron is also an example of a composite genetic element, i.e. plasmid carrying transposons containing integrons. 1 The conjugative transfer of a plasmid with a transposon harbouring an integron allows the simple movement of antimicrobial resistance from one bacterial cell to another, the transposition of the resistance genes from a plasmid to the chromosome and the instant ability to acquire new resistance gene cassettes due to the presence of integrons. Since plasmids are not essential for bacterial life, recombination events in these molecules are more frequent than in chromosomes. This is a reason for the appearance of new gene combinations including the recombination between different R-plasmids and serovar-specific virulence plasmids found in serovars Enteritidis, Typhimurium, Dublin, Choleraesuis or Gallinarum. 2, 3 In this study, we focused on a detailed analysis of R-plasmids found in Salmonella enterica serovar Typhimurium (Salmonella Typhimurium). Rather unexpectedly, in two conjugative plasmids, we repeatedly observed an incomplete transfer of the antibiotic resistance during conjugation and when we mapped the incomplete plasmids, we found that the apparent incomplete transfer of the antibiotic resistance was in fact a recombination between the R-plasmid and the virulence plasmid, leading to a generation of a new conjugative R-plasmid with virulence genes of Salmonella Typhimurium.
Materials and methods

Bacterial strains
A total of 23 Salmonella Typhimurium strains previously characterized as possessing multidrug resistance 4 were investigated in this study. The strains were selected based on the presence of antibiotic resistance genes that are not usually associated with the Salmonella Genomic Island 1 (SGI1). Salmonella Typhimurium F98 (serovarspecific virulence plasmid negative) and Salmonella Enteritidis 147 (serovar-specific virulence plasmid positive), both spontaneously resistant to nalidixic acid, were used as recipients in conjugation. To designate the conjugative plasmids, the prefix 'p' was used followed by the designation of the original host strain, e.g. conjugative plasmid pF8025 originated from Salmonella Typhimurium strain F8025.
PCR
Primers for the detection of the left junction of SGI1 and the genes typical for SGI1 [bla PSE1 , floR, aadA2, sul1 and tet(G)], for the detection of integrons (intI1 and 5 0 CS-3 0 CS) and for the detection of non-SGI1 genes [bla TEM , cat, strA, sul2, tet(A), tet(B) or tet(C)] have been described previously. 4, 5 Primers targeted at HI1, HI2, I1, X, N, A/C and FII plasmid incompatibility groups (those previously recorded in Salmonella spp.) were designed according to Carattoli et al. 6 The kanamycin-resistant strains were analysed for the presence of the aphAI-IAB gene using primers 5
0 -AAACGTCTTGCT CGAGGC-3 0 and 5 0 -CAAACCGTTATTCATTCGTGA-3 0 . The PCR was carried out using PCR Master Mix (Qiagen, Germany) as described previously. 4, 5 PCR products generated with the 5 0 CS-3 0 CS primer pair that differed in size from 1 and 1.2 kb fragments typical for the SGI1 were sequenced using the BigDye Terminator v1.1 Sequencing Standard Kit (Applied Biosystems), and obtained sequences were compared at the GenBank web site using BLAST.
Conjugation experiments
Ten microlitres of 16 h culture of both the donor and recipient strains were inoculated into 4 mL of LB medium, and conjugation was performed at either 24 or 378C with gentle shaking. The resulting transconjugants were selected on agar plates containing nalidixic acid and one of the antibiotics to which the donor was resistant. The following day, 10 colonies growing on each of the plates, e.g. ampicillin and nalidixic acid, were subcultured on the remaining antibiotic plates (e.g. tetracycline and chloramphenicol) to find out which of the antibiotic resistances were transferred simultaneously during a single conjugation event.
Incomplete conjugational transfer of antibiotic resistance
For visualization of the plasmids, PFGE was applied. Total genomic DNA was isolated and immediately separated by PFGE as described previously. 7 To characterize the deletions in conjugative plasmids of the Salmonella Typhimurium 9046 and 9134 strains in detail, PCR amplification together with sequencing of the amplification products and microarray analysis were done. Using the PCR, the whole region between the tet(A) and bla TEM genes was amplified and sequenced. As a next step, using the sequence of bla TEM and tet(A), primers for inverse PCR were designed from the left and right end of this sequence, and sequences immediately upstream or downstream of these loci were identified.
In parallel, microarray analysis was used to determine the genes transferred during conjugation. Microarray chips were prepared by spotting The Salmonella Genus AROS V1.0 (Operon, Germany) as described previously. 8 Since this set also contains oligonucleotides complementary to the pHCM1 and pHCM2 plasmids from Salmonella Typhi coding for the resistances to antibiotics, we expected that these genes, in particular, would enable us to at least partially characterize the conjugative plasmids. For the microarray hybridization, total DNA was purified using the DNeasy Tissue Kit from Qiagen, Germany. Labelling of purified DNA with the Cy3 and Cy5 fluorescent dyes, hybridization and microarray scanning were performed exactly as described previously. 8 In the microarray hybridization, the labelled DNA from the transconjugants was always hybridized together with the DNA purified from the recipient.
Results and discussion
Of the 23 strains examined, conjugation was observed in 12 (Table 1) . Conjugation occurred with both Salmonella Typhimurium F98 and Salmonella Enteritidis 147 used as recipients. We never observed the transfer of any of the genes localized on SGI1. The remaining resistance genes were mostly transferred together, although in strain S17/1 we did not observe the transfer of bla TEM . In strains 115/6 and B71, the tet(C) gene was never transferred by conjugation and the sul2 gene could not be conjugated from three donor strains (115/0, B71 and F8538). Six strains conjugated preferentially at 248C and another six strains at 378C. In strains 9046 and 9134, the analysis of transconjugants demonstrated that although the full set of non-SGI1 resistance genes was usually transferred, in 10% of the transconjugants, only cat, strA and sul2 but not tet(A), or tet(A) together with bla TEM , were transferred (see below).
Integrons different from those associated with SGI1 were found in five strains (F8025, F8475, B71, 115/0 and 116/1) and, only in strain 116/1, the integron containing sat and aadA1 gene cassettes could not be transferred by conjugation. Plasmids pB71 and p115/0 possessed identical integrons that contained aadA1 and qacED1 gene cassettes, pF8025 coded for the integron containing dfrA1 and aadA1 gene cassettes and plasmid pF8475 transferred the integron containing dfrA12 and aadA2 gene cassettes.
Since the recipient strain Salmonella Typhimurium F98 is free of any plasmids including the virulence plasmid, replicon typing of the conjugative R-plasmids could be easily performed in all 12 transconjugants. Among the R-plasmids, only two different incompatibility groups were identified. Six plasmids belonged to the IncI1 replicon and four plasmids belonged to IncHI1. In two transconjugants, none of the PCRs yielded positive results and therefore the plasmid incompatibility group could not be determined (Table 1) .
In general, the conjugative plasmids were similar to those described in previous studies. They belonged to two incompatibility groups, IncI1 and IncHI1, which have been already associated with antibiotic resistance 9,10 and four of them transferred the class 1 integrons described previously. 2 Three plasmids, pB71, p109/9 and pF8475, were quite unstable in Salmonella Typhimurium F98 after conjugational transfer in the absence of selective pressure. Salmonella Enteritidis 147 pF8025 (but not Salmonella Enteritidis 147), Salmonella Typhimurium F98 pF8025 (but not Salmonella Typhimurium F98) and also the original donor Salmonella Typhimurium F8025 were capable of biofilm formation on the air-LB broth interface if grown statically for 3 days in LB broth.
In two strains and their conjugative plasmids ( p9046 and p9134), in 10% of the transconjugants, an incomplete transfer of antibiotic resistance was observed. Both the donor strains as well as the transconjugants were found to contain a single R-plasmid of 130 kb (see Figure 1a , for p9134). In transconjugants, in which either tet(A) was absent or tet(A) together with bla TEM were absent, a decrease in the molecular weight of the plasmids could be observed (Figure 1a) . The incomplete conjugational transfer was highly reproducible and we proved it in more than five independent conjugational events for each donor strain. In Salmonella Typhimurium 9046, we only observed reduced frequency of loss of both the ampicillin and tetracycline resistance. Mapping of the plasmids p9046 and p9134 showed that the locus coding for ampicillin and tetracycline resistance was exactly the same and consisted of two transposons, Tn3 (coding for bla TEM ) and Tn1721 [coding for tet(A)], Tn3 being inserted in ORF294 of Tn1721 (Figure 1b) . Similar, although not identical, association of Tn3 with Tn1721 has been described by Pasquali et al. 11 As determined by microarray analysis, plasmid p9134 also harboured the gene PSLT059 found in the virulence plasmid of Salmonella Typhimurium, HCM1.225 (putative transposase) localized on the pHCM1 plasmid of Salmonella Typhi and STY0114 coding for a transposase found in the chromosome of the same bacterium. These genes were also found in plasmids transferring the incomplete set of antibiotic resistance, and by PCR in p9046.
In incomplete p9134 transconjugants lacking tet(A) and bla TEM , both Tn3 and Tn1712 were excised, together with an additional 7 kb of genetic information including the aac(3)-IV gene. The original plasmid sequence recovered at the HMC1.225 gene (Figure 1b) . However, the incomplete transconjugants lacking only tet(A) were of quite an unusual structure. The sequence of the original plasmid p9046 or p9134 was terminated downstream from bla TEM and the original plasmid sequence was recovered at HMC1.225. However, instead of a simple deletion, the lost sequence was replaced with a partial sequence of rck, and with complete coding sequences of srgA, srgB, ORF7 and pefI originating from the Salmonella Typhimurium virulence plasmid (Figure 1b) . Although we did not investigate it further, microarray analysis together with confirmatory PCR showed that an additional three genes PSLT024, PSLT025 and PSLT026 originally from the virulence plasmid were transferred by the p9134DTet, but not by full-sized p9134 or p9134DTetDAmp. Plasmid recombinants between the virulence and R-plasmids have already been described in Salmonella; however, none appears to be similar to ours. 2, 3 All of this shows that the exposure of Salmonella Typhimurium to R-plasmid may lead to their subsequent recombination with the virulence plasmid and the spread of both antibiotic resistance and virulence genes to a new recipient.
